Introduction {#s1}
============

Branched fatty acids (FA) are present in many organisms including mammals, usually as minor constituents and mostly in adipose tissues \[[@BCJ-476-2427C1],[@BCJ-476-2427C2]\]. Most commonly, they carry methyl-branches close to the end of the carbon chain. This type of branched FAs is formed as a consequence of substrate promiscuity: FA synthase usually uses acetyl-CoA to start FA synthesis. Yet, instead of using its canonical substrate, it can use other CoA esters that carry methyl branches and are produced during the degradation of branched-chain amino acids \[[@BCJ-476-2427C1],[@BCJ-476-2427C2]\]. Usage of these methyl-branched CoA esters leads to FAs with methyl groups on the penultimate and antepenultimate carbons, which are also called 'iso\' and 'anteiso\' monomethyl-branched FAs, respectively. Not surprisingly, they are observed in all life forms at low concentrations \[[@BCJ-476-2427C3]--[@BCJ-476-2427C5]\], but they can be the dominant FA type in certain bacteria \[[@BCJ-476-2427C3]\]. Recently, this type of FAs has received renewed attention and it was found that their production in mammals is modulated by hypoxia and obesity \[[@BCJ-476-2427C2]\]. Incorporation of these methyl-branched FAs in membrane lipids modifies membrane fluidity, lipid bilayer thickness and membrane-dependent functions such as oxidative phosphorylation in bacteria \[[@BCJ-476-2427C6]\], but their function in mammals is largely unknown.

Methyl branches may also be present at other places than the penultimate or antepenultimate carbons. This is the case for isoprenoid-derived lipids such as dolichol or farnesol but also diet-derived phytanic and pristanic acid. Besides, they can be synthesized due to dual substrate promiscuity of both acetyl-CoA carboxylase (ACC) and FA synthase ([Figure 1](#BCJ-476-2427F1){ref-type="fig"}). ACC carboxylates acetyl-CoA to synthesize malonyl-CoA, the major substrate used by FA synthase for chain elongation ([Figure 1](#BCJ-476-2427F1){ref-type="fig"}). In addition, it can use propionyl-CoA and even butyryl-CoA to synthesize methylmalonyl-CoA and ethylmalonyl-CoA, respectively \[[@BCJ-476-2427C7]\] ([Figure 1](#BCJ-476-2427F1){ref-type="fig"}). FA synthase usually uses malonyl-CoA to extend FA chains. Yet, it can also use methylmalonyl-CoA, albeit at a much lower rate compared with malonyl-CoA \[[@BCJ-476-2427C8]--[@BCJ-476-2427C10]\]. This may lead to the formation of FAs with methyl branches on any of the even-numbered carbon atoms. In some birds, these FAs can accumulate to high levels \[[@BCJ-476-2427C11]--[@BCJ-476-2427C14]\], due to the action of a cytoplasmic enzyme that selectively decarboxylates malonyl-CoA, leaving methylmalonyl-CoA as the main substrate available for FA synthesis \[[@BCJ-476-2427C9],[@BCJ-476-2427C15],[@BCJ-476-2427C16]\]. In contrast, little is known how the abundance of these methyl-branched FAs is regulated or limited in mammals. In addition, an in-depth analysis of the FA synthase reaction products when using methylmalonyl-CoA is lacking. Figure 1.Does ECHDC1 prevent the synthesis of methyl- and ethyl-branched fatty acids?Acetyl-CoA carboxylase (ACC) catalyzes the synthesis of malonyl-CoA, which is used by fatty acid synthase for fatty acid (FA) extension of acetyl-CoA. Methylmalonyl-CoA and ethylmalonyl-CoA are also produced in the cytosol as side-products by ACC. Since ECHDC1 is known to be a (m)ethylmalonyl-CoA decarboxylase mainly localized in the cytosol, we hypothesized that the loss of this enzyme would lead to the formation of methyl- and ethyl-branched FAs by the incorporation of methylmalonyl-CoA and ethylmalonyl-CoA during FA synthesis.

Mammals have specific pathways to degrade methyl-branched FAs using alpha-oxidation for 3-methyl-branched FAs and beta-oxidation for 2-methyl-branched FAs \[[@BCJ-476-2427C17],[@BCJ-476-2427C18]\]. This might allow them to prevent the accumulation of methyl-branched FAs. To the best of our knowledge, ethyl-branched lipid species are quite rare in animals \[[@BCJ-476-2427C19],[@BCJ-476-2427C20]\], and their mechanism of synthesis and degradation is unknown. Yet, their scarcity might indicate that cells possess mechanisms to limit their abundance.

We have recently discovered that the enzyme ECHDC1 catalyzes reactions that might serve to prevent the formation of branched FAs. This enzyme decarboxylates ethylmalonyl-CoA and, to a lesser extent, methylmalonyl-CoA \[[@BCJ-476-2427C21]\]. We, therefore, hypothesized that it might serve as a metabolite repair enzyme \[[@BCJ-476-2427C22]--[@BCJ-476-2427C24]\] to remedy the two side activities of ACC ([Figure 1](#BCJ-476-2427F1){ref-type="fig"}). The reduction in cytosolic ethylmalonyl-CoA and methylmalonyl-CoA concentrations by ECHDC1 might be expected to prevent (or slow down) the formation of methyl- and ethyl-branched FAs by FA synthase ([Figure 1](#BCJ-476-2427F1){ref-type="fig"}). In the present study, we tested this hypothesis using a combination of *in vitro* approaches and adipocyte knockout (KO) models.

Experimental {#s2}
============

Cell culture {#s2a}
------------

3T3-L1 preadipocytes were a gift of O. A. MacDougald (University of Michigan) and L929 cells were a gift of T. Michiels (de Duve Institute, UCLouvain). 3T3-L1 and L929 cells were cultured at 37°C in a 10% CO~2~ atmosphere in DMEM containing 1 g l^−1^ of glucose (BioWhittaker, Lonza, Verviers, Belgium), 10% bovine calf serum (Hyclone SH30073.03, South Logan, Utah, U.S.A.), 2 mM [l]{.smallcaps}-glutamine and penicillin/streptomycin 100 U ml^−1^ (Life Technologies) and 1 mM pyruvate (Life Technologies).

Adipocyte differentiation was performed as described \[[@BCJ-476-2427C25]\]*.* Briefly, cells that had been confluent in the presence of calf serum for 2 days (Day 0) were incubated in 10% fetal bovine serum (FCS, Biochrom S0115, Berlin, Germany), 1 µM dexamethasone (Sigma--Aldrich), 0.5 mM methylisobutylxanthine (Sigma--Aldrich), 1 µg ml^−1^ insulin (Sigma--Aldrich), and 5 µM troglitazone (Santa Cruz Biotechnology). On day 2, the cells were fed with 10% FCS medium containing 1 µg ml^−1^ insulin, and on day 4, the cells were re-fed with 10% FCS medium.

In the experiments where we used labeled substrates, methylmalonic acid (methyl-d3, Cambridge Isotope Laboratories), ethylmalonic acid (methyl-d3, Cambridge Isotope Laboratories) or propionic acid-3,3,3-d3 (Sigma--Aldrich) was added to a final concentration of 2 mM at days 2 and 4. Where indicated, vitamin B12 (Sigma--Aldrich) was added to the medium at day 0, 2 and 4 at a final concentration of 2.5 µM. HEK 293T cells (a gift from Eric Fearon, University of Michigan) used for transfections were cultured at 37°C in 10% CO~2~ in DMEM containing 1 g l^−1^ of glucose (BioWhittaker, Lonza, Verviers, Belgium), 10% heat-inactivated fetal bovine serum (F7524, Sigma--Aldrich), 2 mM [l]{.smallcaps}-glutamine and 100 U ml^−1^ penicillin/streptomycin (Life Technologies).

Generation of CRISPR--Cas9 ECHDC1 knockout clones in 3T3-L1 and L929 cells {#s2b}
--------------------------------------------------------------------------

CRISPR/Cas9 plasmids driving the expression of single guide RNAs were generated to inactivate the gene coding for ECHDC1 \[[@BCJ-476-2427C26]\]. Plasmids were prepared by ligating annealed pairs of primers (sequences below) into the vector pSpCas9(BB)-2A-Puro (PX459) (a gift from F. Zhang, Massachusetts Institute of Technology; Addgene\'s plasmid no. 48139) \[[@BCJ-476-2427C27]\] digested by BbsI. *ECHDC1* was targeted in exon 5 before a highly conserved glutamate residue in the motif GGGA**E**FTT by one (in 3T3-L1) or two different (in L929) guide RNAs. The design of guide RNA was performed with the help of the Zhang lab website (<http://crispr.mit.edu>). Pairs of primers to generate the construct for guide RNA 1 (pJD1) were 5′-CAC CGG ACC AGA GCA ACA CTT ATT AA (s) and 5′-AAA CTT AAT AAG TGT TGC TCT GGT CC (as). Pairs of primers to generate the construct for guide RNA 2 (pJD2) were 5′-CAC CGG CAA GGC TGG GCA ATG GGT GG (s) and 5′-AAA CCC ACC CAT TGC CCA GCC TTG CC (as). Pairs of primers to generate the construct for guide RNA 3 (pJD16) were 5′-CAC CGG TTA CTA CAG CAT GTG ATT TC (s) and 5′-AAA CGA AAT CAC ATG CTG TAG TAA CC (as). All constructs were validated by sequencing.

3T3-L1 and L929 cells were transfected with CRISPR/Cas9 constructs using FuGene HD transfection reagent (Promega) according to the manufacturer\'s protocol. Following a transient selection with puromycin (ThermoFisher Scientific, 3 µg ml^−1^) for 48 h, cells were microdiluted in 96-well plates in order to isolate clonal populations. Genomic DNA was extracted and used to PCR-amplify the regions surrounding the targeted sites. PCR products were analyzed by Sanger sequencing (Genewiz). The clones used in this study had the following mutations:

3T3-L1 clone 1/JD50D (Target 1): change of reading frame caused by a deletion of 28 nt on allele 1 and a deletion of 4 nt on allele 2.

3T3-L1 clone 2/JD175-5 (Target 2): change of reading frame caused by a deletion of 1 nt on allele 1 and a large deletion on allele 2.

L929 clone 1/JD51 (Targets 1 and 3): change of reading frame caused by a deletion of 11 nt on allele 1 and of 1 nt on allele 2 (leading to a premature stop codon after 166 amino acids).

L929 clone 2/JD52 (Targets 1 and 3): change of reading frame caused by a deletion of 11 nt on allele 1 and of 1 nt on allele 2 (different from clone 1, this one led to a premature stop codon after 140 amino acids)

Cloning of ECHDC1 and lentiviral transduction on cells {#s2c}
------------------------------------------------------

The mouse ECHDC1 open reading frame was obtained as a geneblock from Integrated DNA Technologies. Some preliminary experiments indicated the possibility of cryptic splice sites in the cDNA. Thus, the geneblock was ordered in a way that changed the nucleotide sequence, while maintaining the coded amino acid sequence (5′-A TAC ATG CTA GCC ACC ATG CGG AGA TGC GAA GTA AAC TCC AAG CCT ATA AGC GAA TAC TTC GGC ATT CCT TGT GAG AAT AGG GAA ATG GCA AAA TGT CTT CTT ACC TCC TCA CTC TCA GTA CGG ACT AAG CTG CTG CAA ACC GGC GTG TCA CTC TAC AAT ACA TCA CAT GGA TTC CAC GAA GAA GAA GTT AAA AAA ATC CTG GAG CAA TTC CCT GGT GGT TCC ATT GAT CTC CTG AAA AAA CAA AAC GGG ATA GGA ATA CTT ACA CTG AAC AAT CCC AAT AAG ATG AAT GCC TTT TCC GGC GTC ATG ATG CTG CAA TTG CTG GAA CGA GTG ATT GAG TTG GAA AAT TGG ACC GAA GGC AAA GGC CTT ATT ATT CAC GGA GCA AAG AAC ACT TTT TGT TCA GGG TCC GAC CTT AAT GCC GTA AAA GCC CTC AGT ACT CCA GAA AGC GGT GTC GCC CTC AGT ATG TTT ATG CAG AAT ACT CTC ACT CGC TTC ATG CGC CTT CCC CTT ATT TCC GTT GCA CTT GTG CAG GGC TGG GCT ATG GGA GGA GGG GCT GAA TTG ACC ACT GCC TGT GAT TTT AGA TTG ATG ACC GAG GAA TCT GTG ATA CGG TTC GTA CAC AAA GAA ATG GGG ATT GTA CCT AGT TGG GGG GGT ACT TCC CGC CTC GTC GAG ATC ATC GGG TCT CGG CAG GCC CTG AAG GTC CTT TCT GGG ACT CTC AAA CTG GAT AGC AAA GAG GCA CTT AAT ATC GGG CTG ACT GAC GAA GTG CTG CAA CCA TCC GAT GAG ACC ACC GCT TTG GAG CAG GCT CAG GAG TGG TTG GAG AAG TTC GTT TCC GGG CCA CCT CAG GTA ATC CGA GGC CTG AAA AAG TCC GTT TGT TCT GCT CGC GAA CTG TAT ATA GAG GAA GCT CTC CAG AAT GAA AGG GAT GTG TTG GAG ACT CTG TGG GGC GGG CCC GCA AAC CTG GAG GCT ATC GCC AAA AAA GGA AAG CAT ACA AAG TAG TGT ACA TTA TTT). The geneblock was amplified by PCR and inserted between XbaI and BamHI restriction sites of pMB1, a plasmid derived from lentiCRISPR V2 (a gift from Feng Zhang, Addgene plasmid \# 52961) \[[@BCJ-476-2427C28]\], in which we have introduced a guide RNA targeting lacZ \[[@BCJ-476-2427C29]\]. The primers used to insert lacZ guide RNAs after BsmBI digestion were the following: 5′-CAC CGG CCC GAA TCT CTA TCG TGC GG (s) and reverse 5′-AAA CCC GCA CGA TAG AGA TTC GGG CC (as). The primers used to insert ECHDC1 geneblock were the following: sense 5′-ATA CAT **GCT AGC** CAC CAT GCG GAG AT (containing a NheI restriction site in bold) and reverse 5′-TTA TAT **GGA TCC** CTT TGT ATG CTT TCC TTT TTT GGC (containing a BamHI restriction site in bold). The resulting plasmid containing the ECHDC1 geneblock was named pJD219. It expresses ECHDC1 protein in frame with a puromycin resistance cassette separated by a self-cleaving P2A sequence \[[@BCJ-476-2427C26]\].

Recombinant lentiviruses were produced by the transient transfection of the lentiviral vector and the packaging plasmids pMD2 and psPAX2 (both gifts from Didier Trono, Addgene, number 12259 and 12260, respectively) in HEK 293 T using polyethylenimine (jetPEI, Polyplus transfection). After incubation for 48 h at 37°C, the virus-containing medium of the cells was harvested, filtered (0.45 µm) and used to infect target cells in the presence of 8 µg ml^−1^ polybrene (Sigma--Aldrich). Selection of infected cells was performed with 3 µg ml^−1^ of puromycin for three days. L929 ECHDC1 KO clone 1 (JD51) and 3T3-L1 ECHDC1 KO clone 1 (JD50D) were infected with pMB1 as control or with pJD219 for the rescue, and renamed JD361 (L929 control), JD362 (L929 rescued), JD363 (3T3-L1 control) and JD364 (3T3-L1 rescued).

Sample preparation and extraction of metabolites from adherent cells {#s2d}
--------------------------------------------------------------------

Seven days after the induction of adipogenesis, the medium was removed, plates were rapidly washed with ice-cold water and plunged in liquid nitrogen to quench metabolic activity \[[@BCJ-476-2427C30]\]. Metabolites were extracted using a method adapted from \[[@BCJ-476-2427C31]\]*.* The frozen dishes were placed on crushed ice, and 300 µl cold methanol (MS-grade, Biosolve) was immediately added, followed by 250 µl of cold water. The cells were scraped and collected in 2 ml tubes containing 1 ml of tert-butyl methyl ether (Sigma--Aldrich). Samples were mixed and kept at least 4 h at −20°C before centrifugation at 16 000×***g*** for 10 min at 4°C. The upper layer contains the organic phase, while the lower layer contains aqueous metabolites and the pellet is composed of proteins and insoluble matrix. The lower aqueous layer was dried out and resuspended in methanol : water (1 : 1 v : v) before LC--MS analysis. The upper organic layer was dried down under a gentle stream of nitrogen in glass tubes at 40°C, and used for transesterification prior to GC--MS analysis or for LC--MS lipidomic analysis.

Fatty acid synthase assays {#s2e}
--------------------------

Rat liver fFA synthase was purified from rat livers, as described in \[[@BCJ-476-2427C32],[@BCJ-476-2427C33]\]. Assays were performed at 30°C by adding purified FA synthase to 1 ml of 50 mM phosphate buffer pH 7.2, 0.5 mg ml^−1^ bovine serum albumin (FA free, Sigma--Aldrich), 1 mM DTT (Sigma--Aldrich), 200 µM NADPH (Sigma--Aldrich) and 50 µM d3-acetyl-CoA. Malonyl-CoA (CoALA Biosciences) with or without the indicated concentration of methylmalonyl-CoA (CoALA Biosciences) or ethylmalonyl-CoA (CoALA Biosciences) was added and NADPH utilization was followed at 340 nm over 40 min. Assays used for GC--MS and LC--MS analysis were performed in 200 µl and incubation was for 6.5 h. Experiments were performed five times on separate days over a time period of 1 year for NADPH consumption assays and four times on separate days over a time frame of 1 month for GC and LC assays.

Sample preparation and extraction of metabolites from fatty acid synthase assays {#s2f}
--------------------------------------------------------------------------------

After 6.5 h incubation, samples were divided in two 100 µl aliquots. One was directly dried down and FA methyl esters were generated using a method described below. The second aliquot was heated for 30 min at 80°C after the addition of 1.5 µl of K~2~CO~3~ (Merck), dried down under vacuum and resuspended in methanol prior to LC/MS analysis.

Release of fatty acids from the organic layer {#s2g}
---------------------------------------------

To release FAs from the organic layer, we adapted a method described by \[[@BCJ-476-2427C34]\]. Briefly, 200 µl of organic fraction (obtained during tert-butyl methyl ether extraction) was evaporated under nitrogen and the dry residue was resuspended in 500 µl of acetonitrile/water 9 : 1 (v : v) containing 0.5 M HCl. Hydrolysis was performed at 100°C in stoppered glass tubes for 2 h. One milliter of water and 1 ml of chloroform (spectro grade, ACROS Organics) were added before mixing and centrifugation at 930×***g*** for 2 min. The organic (lower) layer was dried down under nitrogen. Released FAs were resuspended in 50 µl of methanol before LC--MS analysis. Experiments were performed three times on separate days over a time frame of 2 months. In each experiment, three wells of a six-well plates were quenched and extracted separately for each condition. Each sample was analyzed separately (i.e. the samples were not pooled) by LC/MS.

GC--MS analysis of fatty acids {#s2h}
------------------------------

GC--MS analysis was performed using an Agilent 7890A apparatus equipped with a 30 m DB-5 ultra-inert capillary column connected to an Agilent 5977 mass detector acquired in combined Selected-Ion Monitoring (SIM) and scanning mode. The method was adapted from \[[@BCJ-476-2427C35]\], with a helium flow rate of 1.5 ml min^−1^.

For the analysis of fatty acid methyl esters (FAMEs), the set-up was as follows: After 2.5 min at 100°C, the oven temperature was ramped from 100°C to 175°C at a rate of 50°C min^−1^, held at 175°C for 20 min, ramped from 175°C to 225°C at a rate of 5°C min^−1^, held at 225°C for 3 min, ramped from 225°C to 310°C at a rate of 30°C min^−1^ and held at 310°C for 6 min. The following SIM chromatograms were recorded: m/z 88, 102, 186, 200, 214, 228, 242, 256, 270, 284, 298, 312, 326, 340, 354, 368, 382 and 396. When using deuterated substrates, we added m/z 245, 248, 251, 254, 259, 262, 265, 268, 273, 276, 279, 282, 285, 286, 287, 290, 293, 296, 299, 300, 301, 304, 307, 310, 313, 315, 316, 318, 321, 324, 329, 332, 335 and 338.

For the analysis of picolinyl-derivatives, the oven temperature was held 0.5 min at 100°C, ramped from 100°C to 225°C at a rate of 50°C min^−1^, held at 225°C for 25 min, ramped from 225°C to 300°C at a rate of 5°C min^−1^ and held at 300°C for 3 min. The following SIM chromatograms were recorded: 92, 108, 151, 164, 178, 192, 206, 220, 234, 235, 238, 248, 249, 262, 263, 266, 276, 277, 290, 291, 294, 304, 305, 318, 319, 332, 333, 336, 346, 347, 349, 350, 360, 361, 363, 364, 374, 375, 378, 388, 389, 392, 403 and 407.

Experiments were performed three times on separate days over a time frame of several weeks. In each experiment, three wells of a six-well plate were quenched, extracted and transesterified separately for each condition. Each sample was analyzed separately (i.e. the samples were not pooled) by GC/MS. In each experiment, the mean values for the normalized metabolite concentrations were calculated. The resulting three mean values (obtained in independent experiments) were then used to calculate means and SEM values.

Fatty acid methyl ester transesterification {#s2i}
-------------------------------------------

To prepare methyl esters from the dry residue after tert-butyl methyl ether extraction (from cells or FA synthase assays), we used an acid-catalyzed transesterification process \[[@BCJ-476-2427C36]\] as follows: 100 µl of toluene (Sigma--Aldrich) was added to dissolve non-polar lipids prior to the addition of 500 µl of methanol and 150 µl of 'methylester reagent\' (8% HCl (Merck) in methanol). The reaction mixture was stoppered and kept at 50°C overnight. Finally, 1 ml of water was added and two n-hexane (VWR chemicals) extractions were performed by the addition of 2 ml and 1 ml of n-hexane, followed by centrifugation at 930×***g*** for 2 min. Pooled hexane fractions were dried down under nitrogen and reconstituted in 100 µl of n-hexane before the GC/MS analysis.

3-Pyridylcarbinol. ('picolinyl\') ester transesterification of fatty acids {#s2j}
--------------------------------------------------------------------------

We adapted a method described by \[[@BCJ-476-2427C37]\]. After tert-butyl methyl ether extraction, the organic layer was collected and passed through sodium sulfate drying cartridges (Agilent Technologies, Anhydrous Sodium sulf LRC 1 gm, 12131033) before being evaporated to dryness under nitrogen. The residue was dissolved in 1 ml dichloromethane (Sigma--Aldrich) and 300 µl of freshly prepared 'picolinyl reagent\' \[2 : 1 v : v 3-pyridinemethanol (Sigma--Aldrich)/potassium tert-butoxide (Sigma--Aldrich)\] was added for reaction in a stoppered glass tube for 30 min at 37°C. After cooling to room temperature, two steps of n-hexane extraction were carried out (as described above). Pooled organic fractions were dried through sodium sulfate drying cartridges and evaporated to dryness under nitrogen. The residue was reconstituted in 100 µl of hexane, and analyzed by GC--MS.

Chemical synthesis of d3-acetyl-CoA {#s2k}
-----------------------------------

The method was adapted from \[[@BCJ-476-2427C38]\]. Briefly, acetic anhydride-d6 (Sigma--Aldrich) was added to a cold solution of 0.5 M NaHCO~3~ (Merck)/Coenzyme A sodium salt hydrate (Sigma--Aldrich) and was kept on ice for 20 min. Formic acid (MS-grade, Biosolve) was then added until pH 3 was reached. The absence of residual free coenzyme A was verified by LC--MS-qTOF.

LC--MS analysis {#s2l}
---------------

LC--MS analysis of aqueous samples extracted from cells, of free FAs from the FA synthase assays or of organic fractions obtained from cells was performed using a LC--MS qTOF scanning m/z between 69 and 1700, as described in \[[@BCJ-476-2427C39]\]*.* Briefly, 5 µl of sample was injected and subjected to ion pairing chromatography with an Inertsil 3 µm particle ODS-4 column (150 × 2.1 mm, GL Biosciences) on an Agilent 1290 HPLC system using hexylamine (Sigma--Aldrich) as the pairing-agent. The flow rate was constant at 0.2 ml min^−1^ using mobile phase A (5 mM hexylamine adjusted to pH 6.3) and B (90% methanol/10% 10 mM ammonium acetate (Biosolve) adjusted to pH 8.5). For the detection of CoA esters, an Agilent 6550 ion funnel mass spectrometer used in the negative mode with an electrospray ionization (ESI) (voltage 3500 V, sheath gas 350°C at 11 L min^−1^, nebulizer pressure 35 psig and drying gas 200°C at 14 L min^−1^). The solvent gradient was: 0--2 min at 0% B; 2--6 min from 0 to 20% B; 6--17 min from 20 to 31% B; 17--36 min from 31 to 60% B; 36--41 min from 60 to 100% B; 41--51 min at 100% B; 51--53 min from 100 to 0% B; 53--60 min at 0% B. Experiments were performed three times on separate days over a time frame of 2 months. In each experiment, three wells of a six-well plate were quenched and extracted separately for each condition. Each sample was analyzed separately (i.e. the samples were not pooled) by LC--MS.

For the analysis of released FAs, the following solvent gradient was used : 0--2 min at 0% B; 2--5 min from 0 to 80% B; 5--8 min 80% B; 8--18 min from 80 to 90% B; 18--27 min 90% B; 27--35 min from 90% to 100% B; 35--44 min 100% B; 44--45 min from 100% B to 0% B; 45--50 min 0% B.

Note about the analysis of fatty acid profiles by GC--MS or LC--MS {#s2m}
------------------------------------------------------------------

GC--MS analysis (of FA methyl esters) allowed a much better chromatographic resolution of the diverse stereoisomers carrying methyl-groups at different positions than the LC--MS analysis of FAs. Unfortunately, when we analyzed purified methyl-branched FA standards (as methyl esters) by GC--MS, we realized that signals were much lower for branched FAs than for their isomeric straight chain counterparts. Likewise, signal intensities for shorter chain FAs were much lower than those for longer chain FAs. We believe that this reduction in signal intensity is most likely a consequence of the higher volatility of branched and short FAs, which makes that they are lost during the preparation of FA methyl esters prior to GC--MS analysis. Given that we do not have standards for all possible stereoisomers, the quantitative comparison of branched and straight chain FAs by GC--MS is difficult, especially for those with the shortest straight chains or the polymethylated branched FAs. Yet, it leaves qualitative interpretations unaffected.

LC--MS lipidomic analysis {#s2n}
-------------------------

Prior to the lipidomic analysis by LC--MS, 200 µl organic layers (tert-butyl methyl ether extraction) were resuspended in 100 µl methanol : isopropanol (1 : 1 v : v). Lipidomic profiling was performed using the same MS qTOF (Agilent 6550 ion funnel) settings as described above and scanning m/z between 69 and 1700, but the ESI source was used in both negative and positive modes.

Preliminary experiments had revealed that fragmentation techniques on our mass-spectrometer (Agilent 6550 qTOF and Lumos Fusion Tribrid) did not allow us to distinguish between straight chain FAs with an odd carbon number or the isomeric methyl-branched counterpart. To maximize the temporal resolution, we, therefore, only used MS1-acquisition.

The chromatography method was adapted from Thermo Fischer Scientific^TM^ '*Application note 648: Increased throughput and confidence for lipidomics profiling using comprehensive HCD MS^2^ and CID MS^2^/MS^3^ on a Tribrid Orbitrap mass spectrometer*\'. The LC separation used two mobile phases at a flow rate of 0.260 ml min^−1^. Buffer A was composed of 10 mM NH~4~ formate, 0.1% formic acid in 60 : 40 (v : v) acetonitrile(MS-grade, Biosolve):water, while buffer B was composed of 10 mM ammonium formate (MS-grade, Biosolve), 0.1% formic acid in 90 : 10 (v : v) isopropanol (MS-grade, Biosolve) : acetonitrile. A total of 5 µl samples were analyzed on a Thermo Scientific^TM^ Accucore^TM^ C18 column (150 mm × 2.1 mm, particle size 2.6 µm) operated at 45°C using the following gradients: 0--2 min 30% B; 2--2.1 min 55% B; 2.1--12 min 65% B; 12--18 min 85% B; 18--20 min 100% B; 20--30 min 100% B; 30--30.1 min 30% B; 30.1--35 min 30% B.

Experiments were performed three times on separate days over a time frame of 2 months. In each experiment, three six-well plates were quenched and extracted separately for each condition. Each sample was analyzed separately (i.e. the samples were not pooled) by LC--MS and injected twice: once in ESI negative mode and once in ESI positive mode. In each experiment, the mean values for the normalized metabolite concentrations were calculated. The resulting three mean values (obtained in independent experiments) were then used to calculate the means and SEM values.

Quantification and statistical analysis {#s2o}
---------------------------------------

GraphPad Prism (version 8.0.2) and Microsoft Excel were used to perform statistical analyses. All data (normalized metabolites measured by GC--MS or LC--MS) were log-transformed before statistical analysis and the presence of a normal distribution was assessed for straight chain FA abundances. One-way ANOVA was performed for multiple group comparisons. Post hoc testing was performed using Dunnett\'s test when compared to a single control group, while Tukey\'s test was used when comparing several pairwise groups. When two groups were compared, we performed multiple paired *t*-tests and corrected for multiple testing using the Benjamini Hochberg approach \[[@BCJ-476-2427C40]\]. A corrected *P* value \<0.05 was considered significant and indicated by an asterisk in the figures.

Results {#s3}
=======

Fatty acid synthase can use methylmalonyl-CoA to make several methyl-branched fatty acids {#s3a}
-----------------------------------------------------------------------------------------

We first wanted to confirm that FA synthase can use substrates other than malonyl-CoA during FA chain extension, and characterize the resulting products. Therefore, we set up an *in vitro* reaction with purified rat FA synthase, where we followed the consumption of NADPH in a spectrophotometric assay. To characterize the products, we used deuterated acetyl-CoA (d3-acetyl-CoA) as a starting unit to facilitate the interpretation of mass-spectrometrical analyses (which otherwise is confounded by FAs contaminating albumin).

The consumption of NADPH was easily detectable in the presence of 50 µM malonyl-CoA, but remained below the detection limit in the presence of 500 µM methylmalonyl-CoA or ethylmalonyl-CoA alone (data not shown). Yet, the activity in the presence of 50 µM malonyl-CoA was inhibited by 50% when methylmalonyl-CoA and ethylmalonyl-CoA were present at 50 and 500 µM, respectively ([Figure 2a](#BCJ-476-2427F2){ref-type="fig"}). This indicated that methyl- and ethylmalonyl-CoA can bind to FA synthase, even though their usage in FA elongation was below the detection limit of the spectrophotometric assay. These results also show that the affinity of FA synthase is ∼10-fold higher for methylmalonyl-CoA than for ethylmalonyl-CoA. Figure 2.Fatty acid synthase can synthesize fatty acids with methyl- or ethyl-branches on even-numbered carbon atoms.(**a**) The activity of purified rat liver fatty acid synthase was determined in the presence of 50 µM malonyl-CoA (m-CoA) and increasing concentrations of (m)ethylmalonyl-CoA by monitoring NADPH consumption at 340 nm. Data shown are means ± SD of two experiments and are normalized to the activity when only malonyl-CoA was present. Comparable results were obtained in three additional experiments. (**b** and **c**) Quantification of the indicated fatty acids (FAs) produced in 6.5 h by FA synthase using malonyl-CoA and d3-acetyl-CoA ± methylmalonyl-CoA (mm-CoA) as indicated. (**d** and **e**) Similar reactions were analyzed by GC--MS (as fatty-acid methyl esters, m/z 287) (**d**) and LC--MS, m/z 272.26745 (**e**). Representative extracted ion chromatograms (EIC) of m/z corresponding to FAs with 17 carbons are presented. The tentative assignment as mono-, tri- and penta-methyl FAs is indicated. The elution profiles of three monomethyl-C16 : 0 FA standards are also shown. (**f**) Schematic representation of monomethyl-C16 : 0, trimethyl-C14 : 0 and penta-methyl-C12 : 0 branched FAs with 17 total carbons, which can be formed in the reactions analyzed in (**d** and **e**). (**g** and **h**) Representative EICs corresponding to deuterated FAs with 16 (**g**) and 18 (**h**) total carbons (the left part of the panels), m/z 258.2518 and 286.2831, respectively. On the right, schematic representation of monoethyl- and diethyl-FAs with 16 and 18 carbons. SC, straight chain. AU, arbitrary units.

In a second step, we wanted to determine with a more sensitive technique whether FA synthase can use ethyl- or methylmalonyl-CoA. To this end, we incubated *in vitro* reactions identical with the ones described above for a longer time (6.5 h) and analyzed the produced FAs by GC--MS and LC--MS. When we analyzed reactions containing only malonyl-CoA, we observed that mainly straight chain C16 : 0 was produced ([Figure 2b](#BCJ-476-2427F2){ref-type="fig"}) while C14 : 0 and C18 : 0 were much lower and branched FAs were absent.

The addition of methylmalonyl-CoA to malonyl-CoA-containing reactions provoked a dose-dependent decrease in the formation of straight chain FAs ([Figure 2c](#BCJ-476-2427F2){ref-type="fig"}. showing results for C16 : 0), consistent with the observed overall inhibition of FA synthase ([Figure 2a](#BCJ-476-2427F2){ref-type="fig"}). This was accompanied by the appearance of putative methyl-branched FAs, which in GC--MS and LC--MS eluted slightly before their isomeric straight chain counterparts (e.g. monomethyl-C16 : 0 species before straight chain C17 : 0) ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"}), as previously described \[[@BCJ-476-2427C41]\]. Methylmalonyl-CoA incorporation during FA elongation leads to methyl branches on any even-numbered carbon atom except the last one, explaining the presence of multiple peaks. Methyl-branched FAs with a total number of carbons ranging from 15 to 18, and from 8 to 21 were observed in GC--MS (Supplementary Fig. S1b--d) and LC--MS analysis (Supplementary Fig. S1e--r), respectively. Using synthetic monomethyl-branched C16 : 0 FAs as standards, we were able to delineate the elution times of several 17-carbon branched FAs ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"}, lower part). In addition, we observed one (GC--MS) or two (LC--MS) additional groups of 17 carbon FAs, which eluted earlier and were more efficiently produced with increasing methylmalonyl-CoA concentrations ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"}). Utilization of three methylmalonyl-CoA and five methylmalonyl-CoA molecules during FA elongation can also lead to the synthesis of FAs containing 17 carbons ([Figure 2f](#BCJ-476-2427F2){ref-type="fig"}). This suggests that the earlier eluting 17-carbon FAs correspond to tri- and penta-methyl FAs ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"}). Of note, 17 carbon FAs with two or four methyl branches cannot be synthesized under these conditions since the synthesis starts with acetyl-CoA and an incorporation of an even number of methylmalonyl-CoA molecules would inevitably lead to FAs with an even number of carbons (Supplementary Fig. S1a). Following a similar line of reasoning, two groups of FAs with 18 carbons were deemed to be tetramethyl-branched C14 : 0 (eluting first) and dimethyl-branched C16 : 0 (Supplementary Fig. S1d,j). Comparable observations were made for other methyl-branched FAs (Supplementary Fig. S1b--r).

With increasing concentrations of methylmalonyl-CoA, overall FA production was reduced, indicating that the incorporation of methylmalonyl-CoA is much less efficient than that of malonyl-CoA ([Figure 2c](#BCJ-476-2427F2){ref-type="fig"} and Supplementary Fig. S1). In parallel, we noted that concentrations of methylmalonyl-CoA beyond 200 µM decreased the formation of mono- and di-methyl branched FAs, while the formation of polymethylated-branched FAs continued to increase (Supplementary Fig. S2). This was expected, since the formation of di- and trimethyl-branched FAs is more likely to occur with higher concentrations of methylmalonyl-CoA ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"} and Supplementary Fig. S2). When only methylmalonyl-CoA was present in the incubation mixture, we expected that each elongation reaction would introduce a methyl branch. Consistent with this, we observed the production of FAs that were deemed to contain methyl groups on all even-numbered carbons (i.e. dimethyl-branched C6 : 0, trimethyl-branched C8 : 0, tetramethyl-branched C10 : 0, pentamethyl-branched C12 : 0 and hexamethyl-branched C14 : 0 in [Figure 2e](#BCJ-476-2427F2){ref-type="fig"} and Supplementary Fig. S1) on the basis of their total number of carbons and their relative elution time.

Altogether, we conclude that FA synthase can use methylmalonyl-CoA during FA elongation and this leads to the incorporation of methyl-branches at different positions. Up to six methyl branches can be incorporated leading to methyl-branches on each even-numbered carbon (Supplementary Fig. S1k).

Evidence for a weak incorporation of ethylmalonyl-CoA by fatty acid synthase {#s3b}
----------------------------------------------------------------------------

When we analyzed FA synthase reactions containing ethylmalonyl-CoA by LC--MS, we detected putative monoethyl- and diethyl-branched FAs in reaction mixtures containing ethylmalonyl-CoA together with malonyl-CoA. As for methyl-branched FAs, the peaks preceded their isomeric straight chain counterparts ([Figure 2g,h](#BCJ-476-2427F2){ref-type="fig"} and Supplementary Fig. S3). For the putative monoethyl-branched FAs, the signal was proportional to the concentration of ethylmalonyl-CoA used in the reactions while in the case of the putative diethyl-branched FAs, a sigmoidal dependency was observed, in agreement with the incorporation of two molecules of ethylmalonyl-CoA (Supplementary Fig. S3h).

The relative signal intensity of the putative monoethyl-branched FA in comparison with its straight chain counterpart was 20 times less than what we observed for methyl-branched FAs in incubations with methylmalonyl-CoA. This might explain why we were not able to detect ethyl-branched FAs using GC--MS, since this approach has lower sensitivity and suffers from the loss of more volatile FAs during the derivatization process (see Methods). Furthermore, ethyl-branched FAs partially coelute with (more abundant) methyl-branched FAs (see also later in [Figure 7b](#BCJ-476-2427F7){ref-type="fig"}).

We conclude that FA synthase can incorporate ethylmalonyl-CoA to make ethyl-branched FAs, albeit with an efficiency that is much lower than the formation of methyl-branched FAs using methylmalonyl-CoA.

ECHDC1 knockout cells accumulate fatty acids with methyl-branches on all even-numbered carbons {#s3c}
----------------------------------------------------------------------------------------------

To investigate the role of ECHDC1 in preventing branched FA synthesis, we used both the mouse preadipocyte cell line 3T3-L1, which has been extensively used for FA metabolism \[[@BCJ-476-2427C2]\], and mouse L929 cells, which are also able to differentiate into adipocytes \[[@BCJ-476-2427C42]\] using a protocol commonly used to differentiate mouse embryonic fibroblasts into adipocytes \[[@BCJ-476-2427C43]\]. The second model shows less clonal variability in their potential to differentiate into adipocytes.

Using CRISPR/Cas9, we generated clonal populations of 3T3-L1 and L929 cells with biallelic inactivation of ECHDC1. We then differentiated these cell lines into adipocytes and analyzed FA profiles by GC--MS. We expected to find additional peaks corresponding to the formation of methyl- or ethyl-branched FAs, if ECHDC1 indeed serves to limit the accumulation of cytoplasmic methyl- and ethylmalonyl-CoA. Total ion chromatograms (TICs) revealed only minor changes in highly abundant lipids between wild-type and KO cell lines (Supplementary Fig. S4). Yet, we noted strong increases in low abundance peaks ([Figure 3a](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S4c,d) that coelute with the methyl-branched FAs that we had observed in *in vitro* reactions of FA synthase in the presence of methylmalonyl-CoA ([Figure 2d,e](#BCJ-476-2427F2){ref-type="fig"}). Monitoring the expected m/z of saturated FAs between C14 : 0 and C20 : 0 ([Figure 3c](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5a--k), we observed that peaks preceding known straight chain FAs were indeed several-fold increased in ECHDC1 KO cells ([Figure 3d--h](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5l--p). Figure 3.ECHDC1 limits but does not completely prevent the formation of methyl-branched fatty acids on even carbons in adipocytes.(**a**) GC--MS profiles of fatty acid methyl esters (FAMEs) derived from wild-type (WT) or ECHDC1 knockout (KO) L929 cells. Straight chain (SC) fatty acids (FAs) and putative branched Fas (arrowheads) are indicated in the total ion chromatograms (TICs). (**b**) Table representing the possibilities to form straight or branched FAs by FA synthase using different CoA starters and elongation units. Putative methyl-branched and ethyl-branched FAs are highlighted in light gray and gray, respectively; 'odd\' and 'even\' qualify the total number of carbons in the FA. The asterisk indicates that the incorporation of a single methylmalonyl-CoA can also lead to the formation of 'anteiso\' FAs, which are also produced by extension of 2-methylbutyryl-CoA. (**c**) FAMEs derived from L929 adipocytes were analyzed by GC--MS. Representative EICs of the m/z corresponding to FAs with a total carbon number of 16 (m/z 270), 17 (m/z 284) or 18 (m/z 298) are shown. Monomethyl- and dimethyl-branched FA species are indicated. (**d**--**h**) Quantitative GC--MS analysis of monomethyl-branched FAs containing 17 carbons from wild-type and ECHDC1 KO L929 adipocytes clones, as well as a KO clone transduced with a recombinant lentivirus driving expression of ECHDC1 cDNA ('ECHDC1 cDNA\') or an empty vector ('Ctrl\'). Coeluting methyl-branched FAs (represented in the upper part) were quantified together. Signals were normalized to the sum of all straight chain FAs and are presented as means ± SEM from at least three independent experiments. Asterisks indicate *P* \< 0.05 in post hoc testing. AU, arbitrary units.

Several complementary approaches allowed us to assign these peaks as FAs that contain methyl-branches on different even-numbered carbons as expected by methylmalonyl-CoA incorporation in FAs (Supplementary Fig. S6 for FAs containing 17 carbons). This permitted also to conclude which methyl-branched FAs contributed to which peaks in the GC--MS analysis of FA methyl esters ([Figure 3d--h](#BCJ-476-2427F3){ref-type="fig"}, upper part).

Quantification of methyl-branched FAs showed that FAs with methyl branches on C~2~, C~4~, C~6~, C~8~, C~10~ and C~12~ were the most increased (4--5-fold) in ECHDC1 KO cells, and the most decreased when ECHDC1 was re-expressed ([Figure 3d--h](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5l--p). In fact, re-expression of ECHDC1 in KO cells reduced their abundance below wild-type cells, suggesting that physiological ECHDC1 expression levels limit but do not completely prevent the formation of methyl-branched FAs.

In contrast, the 17-carbon FA containing a penultimate methyl group (the so-called iso- form) was largely unaffected by ECHDC1 inactivation or complementation, consistent with the fact that its synthesis results not from the incorporation of methylmalonyl-CoA, but from the use of a 3-methybutyryl-CoA unit derived from leucine to start FA synthesis ([Figure 3b,g](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5o). The 17-carbon FA containing an antepenultimate methyl group (the so-called anteiso- form) had an intermediary behavior as a result of the fact that it derives either from the incorporation of methylmalonyl-CoA during elongation or by using a 2-methylbutyryl-CoA derived from isoleucine to start FA synthesis ([Figure 3b,h](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5p).

Interestingly, the peak corresponding to 2-methyl-branched FAs was much higher in 3T3-L1 cells compared with L929 cells (see [Figure 3c,d](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5h,l), while the profile for the other methyl-branched FAs was similar. This suggests that the introduction of the 2-methyl branch is largely due to another enzyme than FA synthase, most likely an elongase.

Of note, KO cells showed increases in several peaks that eluted earlier than monomethyl-branched FAs ([Figure 3c](#BCJ-476-2427F3){ref-type="fig"} and Supplementary Fig. S5g--k), which based on their elution times (compared with [Figure 2d](#BCJ-476-2427F2){ref-type="fig"} and Supplementary Fig. S1b--d) are most likely dimethyl-branched. Interestingly, when we searched for the presence of unsaturated methyl-branched FAs with 14 to 18 carbons, we did not find any peak with the predicted m/z values (i.e. 240, 254, 268, 282 and 296) to be increased in ECHDC1 deficient cells compared with control cells. Similar to *in vitro* FA synthase reactions, the sensitivity of our GC--MS setup was not suffice to reveal evidence for the presence of ethyl-branched FAs.

Taken together, ECHDC1 loss leads to the accumulation of FAs carrying methyl-groups on all even-numbered carbons. The absence of unsaturated forms of these FAs might indicate that desaturases do not act efficiently on these FAs.

ECHDC1 knockout cells accumulate ethylmalonyl-CoA but increases in cytoplasmic methylmalonyl-CoA might be hidden {#s3d}
----------------------------------------------------------------------------------------------------------------

ECHDC1 decarboxylates ethylmalonyl-CoA and methylmalonyl-CoA \[[@BCJ-476-2427C21]\]. To assess whether these compounds accumulate in ECHDC1 KO cells, we determined the levels of different CoA esters in cells. Ethylmalonyl-CoA was strongly increased in ECHDC1-deficient adipocytes, being undetectable in wild-type cells, while methylmalonyl-CoA levels were not significantly changed ([Figure 4a,b](#BCJ-476-2427F4){ref-type="fig"}). This is likely due to the fact that the vast majority of cellular methylmalonyl-CoA is localized in mitochondria \[[@BCJ-476-2427C44]\]. Thus, increases in the small cytoplasmic pool of methylmalonyl-CoA might be masked. Overexpression of ECHDC1 in KO clones caused a decrease in methylmalonyl-CoA levels and an increase in propionyl-CoA, which, however, did not reach statistical significance in our statistical tests ([Figure 4b,c](#BCJ-476-2427F4){ref-type="fig"}). If confirmed, these changes are consistent with mass spectrometry data \[[@BCJ-476-2427C45]\] indicating that ECHDC1 might partially colocalize in mitochondria. No significant change was observed in succinyl-CoA and acetyl-CoA concentrations ([Figure 4d,e](#BCJ-476-2427F4){ref-type="fig"}). Figure 4.Effect of ECHDC1 deficiency on different CoA pools and effect of Vitamin B12 supplementation in ECHDC1 deficient cells.(**a**--**e**) Ethylmalonyl-CoA (**a**), methylmalonyl-CoA (**b**), propionyl-CoA (**c**), succinyl-CoA (**d**) and acetyl-CoA (**e**) were measured by LC--MS in wild-type (WT), ECHDC1 knockout (KO), as well as in a KO clone transduced with a recombinant lentivirus driving expression of ECHDC1 cDNA ('ECHDC1 cDNA') or an empty vector ('Ctrl\'). The vertical bar separates experiments that were performed at different points in time. (**f**) Scheme representing the formation or degradation of cytoplasmic and mitochondrial pools of methylmalonyl-CoA. Mitochondrial methylmalonyl-CoA mutase is a vitamin B12-dependent enzyme. Thus, when vitamin B12 levels are insufficient, mitochondrial methylmalonyl-CoA and propionyl-CoA are expected to increase. (**g**--**k**) Ethylmalonyl-CoA (**g**), methylmalonyl-CoA (**h**), propionyl-CoA (**i**), succinyl-CoA (**j**) and acetyl-CoA (**k**) were measured by LC--MS in ECHDC1 KO adipocytes cultured in the presence or absence of 2.5 µM supplementary vitamin B12. (**l**--**u**) monomethyl-branched FAs containing 17 carbons (**i**--**p**) and saturated straight chain (SC) FAs with 14 to 18 carbons (**q**--**u**) were assessed by GC--MS in ECHDC1 KO adipocytes in the presence or absence of 2.5 µM supplementary vitamin B12 (**q**--**u**). rel. conc. = concentration relative to total ion current for CoA esters and relative to the sum of SC fatty acids for FAs.

Vitamin B12 supplementation strongly reduces methylmalonyl-CoA but barely affects methyl-branched fatty acid synthesis {#s3e}
----------------------------------------------------------------------------------------------------------------------

Methylmalonyl-CoA can be generated in the cytoplasm by a side activity of ACC on propionyl-CoA \[[@BCJ-476-2427C7]\] ([Figs. 1](#BCJ-476-2427F1){ref-type="fig"} and [4f](#BCJ-476-2427F4){ref-type="fig"}). Yet, the vast majority is produced in mitochondria by propionyl-CoA carboxylase, which uses propionyl-CoA mainly derived from the degradation of several amino acids and odd-chain FAs ([Figure 4f](#BCJ-476-2427F4){ref-type="fig"}). The resulting mitochondrial methylmalonyl-CoA can be converted by methylmalonyl-CoA mutase to succinyl-CoA in a vitamin B12-dependent reaction. Data obtained recently by different groups \[[@BCJ-476-2427C46],[@BCJ-476-2427C47]\] indicate that cultured 3T3-L1 adipocytes may have insufficient amounts of vitamin B12. This would be expected to slow down the activity of methylmalonyl-CoA mutase and propionyl-CoA metabolism. In our LC--MS analyses, we could not distinguish between cytoplasmic and mitochondrial pools of methylmalonyl-CoA. Thus, non-physiologically high mitochondrial methylmalonyl-CoA concentrations might have masked the accumulation of cytoplasmic methylmalonyl-CoA in ECHDC1 KO cells.

Furthermore, the inability to metabolize propionyl-CoA and methylmalonyl-CoA in mitochondria might eventually lead to an unphysiological increase in the cytoplasmic pools of these metabolites. This would favor the formation of straight chain FAs with odd number of carbons and should also favor the formation of methyl-branched FAs synthesized by the incorporation of methylmalonyl-CoA (i.e. harboring the branches on even-numbered carbons) ([Figure 4f](#BCJ-476-2427F4){ref-type="fig"}). Consistent with this reflection, monomethyl-branched FAs containing methyl-branches on even carbons along with an accumulation of odd-chain FAs have been reported in the nervous system of patients suffering of impaired metabolism of vitamin B12 \[[@BCJ-476-2427C48],[@BCJ-476-2427C49]\]. In addition, very recently Wallace and colleagues reported that 14-methyl-C17 : 0, an 'anteiso\' monomethyl-branched FA, was increased in 3T3-L1 adipocytes in the absence of vitamin B12 \[[@BCJ-476-2427C2]\].

To test whether insufficient vitamin B12 levels contributed to the formation of methyl-branched FAs in our experimental culture conditions, we added vitamin B12 to differentiating L929 adipocytes cells. This resulted in an ∼20-fold decrease in the methylmalonyl-CoA pool and a more modest (∼4-fold) decrease in the propionyl-CoA pool ([Figure 4g--k](#BCJ-476-2427F4){ref-type="fig"}). Despite this strong reduction in cellular methylmalonyl-CoA concentration, the amount of methyl-branched FAs and odd carbon number FAs was only barely affected in L929 cells ([Figure 4l--u](#BCJ-476-2427F4){ref-type="fig"}). Of note, even under these conditions, no increase in cellular methylmalonyl-CoA was observed between wild-type and ECHDC1 KO cells (not shown). These observations indicate that the cytoplasmic pool of methylmalonyl-CoA is very small and not (or barely) connected to the large mitochondrial pool ([Figure 4f](#BCJ-476-2427F4){ref-type="fig"}). This supports our hypothesis that a side-reaction of a cytoplasmic enzyme, most likely ACC, is responsible for the formation of the cytoplasmic pool of methylmalonyl-CoA.

Isotopic tracer studies confirm the source of the methyl-branches {#s3f}
-----------------------------------------------------------------

To confirm that the monomethyl-branched FAs are synthesized by incorporation of methylmalonyl-CoA, we fed L929 cells with d3-methylmalonate or d3-propionate. The goal was to trace deuterium incorporation into methylmalonyl-CoA and FAs. All three deuterium atoms can only be incorporated into FAs when propionyl-CoA is used to start FA synthesis or when the usage of methylmalonyl-CoA during chain elongation introduces a methyl branch ([Figure 5a](#BCJ-476-2427F5){ref-type="fig"}). Figure 5.Isotopic tracer studies confirm the origin of the methyl-branches.(**a**) Expected fate of d3-propionate or d3-methylmalonate in fatty acid (FA) metabolism. (**b** and **c**) M + 0 or M + 3 methylmalonyl-CoA (**b**) and propionyl-CoA (**c**) levels were measured by LC--MS in ECHDC1 wild-type (WT) and knockout (KO) L929 cell lines treated or not (Ctrl) with 2 mM d3-methylmalonic acid (d3-mma) or d3-propionic acid (d3-prop). M + 0 and M + 3 isotopologues are presented in white and in green, respectively. Values were normalized to the total ion current and are presented as means ± SEM for three independent experiments. (**d**) GC--MS analysis of fatty acid methyl esters (FAMEs) from ECHDC1 KO L929 adipocytes fed with d3-propionate. On the left, representative EIC monitoring the molecular ion for the M + 0 C17 : 0 FAMEs (m/z 284) and the corresponding M + 3 (m/z 287) and M + 6 (m/z 290) ions. On the right, plot of the relative abundance of different isotopologues for straight chain and the indicated (indicated by \# in the chromatograms) methyl-branched FAs. (**e**) Similar data as represented in (**d**), for FAs with 18 carbons (m/z 298, 301 and 304 for M + 0, M + 3 and M + 6 ions, respectively). Values are presented as means ± SEM for three independent experiments. SC, straight chain, rel. conc. = concentration relative to total ion current for CoA esters and relative to the sum of SC fatty acids for FAs; AU, arbitrary units.

In a first step, we measured the concentrations of deuterated CoA species ([Figure 5b,c](#BCJ-476-2427F5){ref-type="fig"}). We found that d3-propionate is a better precursor for the formation of d3-methylmalonyl-CoA and d3-propionyl-CoA than d3-methylmalonate. Addition of 2 mM d3-propionate led to a replacement of ≈95% of the unlabeled methylmalonyl-CoA by an almost equivalent amount of d3-methylmalonyl-CoA ([Figure 5b](#BCJ-476-2427F5){ref-type="fig"}).

In the presence of d3-propionate, both the straight chain C17 : 0 and the monomethyl-branched C16 : 0 FAs mostly showed a M + 3 labeling ([Figure 5d](#BCJ-476-2427F5){ref-type="fig"}). This is expected since one propionyl-CoA, as such for the straight chain C17 : 0 and as methylmalonyl-CoA for monomethyl-branched C16 : 0, is needed to synthesize these FAs. For monomethyl-branched C17 : 0 FAs, the M + 6 labeling is the most intense ([Figure 5e](#BCJ-476-2427F5){ref-type="fig"}), in agreement with the fact that two propionyl-CoA molecules are needed for their synthesis: as a starting unit, and as methylmalonyl-CoA in one of the extension steps. As expected, straight chain C18 : 0 was not labeled.

Methyl-branched fatty acids are incorporated into various lipid species in mammalian adipocytes {#s3g}
-----------------------------------------------------------------------------------------------

While the majority of FAs in adipocytes are esterified in triglycerides, we were interested to see whether methyl-branched FAs were also incorporated in other lipid species. To this end, we analyzed the organic phase of wild-type and ECHDC1 KO cells by LC--MS and focused on membrane lipids (phosphatidylcholine (PC), phosphatidylethanolamine and sphingomyelin). We expected that branched FA-containing membrane lipids would elute before their counterparts that only contained straight chains. As exemplified for some PC species ([Figure 6](#BCJ-476-2427F6){ref-type="fig"}), we indeed observed that several overlapping peaks preceded a major peak with the same m/z. The size of these small peaks increased by ∼2-fold in ECHDC1 KO cells ([Figure 6](#BCJ-476-2427F6){ref-type="fig"}). Furthermore, when we performed the same experiment in the presence of d3-propionate, they were replaced by peaks with a M + 3 increment at the same elution time ([Figure 6a--c](#BCJ-476-2427F6){ref-type="fig"}, lower panel). Thus, the most likely explanation is that the labeled small peak(s) correspond(s) to PC species that contain methyl-branches, whereas the labeled big peak corresponds to PC species that contain FAs with an odd carbon number. Similar analyses revealed incorporation of putative methyl-branched FAs in phosphatidylethanolamine (PE) and sphingomyelin (SM) species (Supplementary Fig. S7). Figure 6.Methyl-branched fatty acids are incorporated in PC.(**a**--**c**) Representative EICs from lipidomic LC--MS analysis, using ESI in the positive mode, of PC(33 : 1), PC(34 : 1) and PC(35 : 1) in wild-type (WT) or ECHDC1 knockout (KO) L929 adipocytes incubated without (upper tracings) or with (lower tracings) 2 mM d3-propionate. PC species containing straight chain (SC) FAs are indicated and methyl-branched FAs are colored in black. (**d**--**f**) Quantitative analysis of the same data representing means ± SEM for three independent experiments in triplicates. Rel. conc., relative concentration (to total ion current). Related data on other lipid species are shown in Supplementary Figure S7. AU, arbitrary units, rel.conc. = concentration relative to total ion current.

Evidence for the synthesis of ethyl-branched fatty acids in cultured adipocytes {#s3h}
-------------------------------------------------------------------------------

To investigate the formation of ethyl-branched FAs in ECHDC1 KO cells, we performed LC--MS analyses. We incubated the cells with d3-ethylmalonate to label and inflate the pool of intracellular ethylmalonyl-CoA ([Figure 7a](#BCJ-476-2427F7){ref-type="fig"}). As expected, this led to a marked (100-fold) increase in the ethylmalonyl-CoA pool in the ECHDC1-deficient cells, which reached a concentration more than 10-fold higher than in wild-type cells ([Figure 7c](#BCJ-476-2427F7){ref-type="fig"}). Figure 7.Isotopic tracer studies reveal that ethyl-branched fatty acids almost exclusively accumulate in ECHDC1 knockout cells.(**a**) Expected fate of d3-ethylmalonate in FA synthesis. (**b**) Representative EIC in LC--MS showing unlabeled (m/z 283.26425) and labeled (m/z 286.28308) free FAs with 18 carbons, released from L929 adipocytes extracts. SC, straight chain. Representative EIC corresponding to unlabeled C18 : 0 (m/z 283.26425) (upper tracings) and d3-labeled C18 : 0 (m/z 286.28308) (lower tracings) for wild-type (WT) and ECHDC1 knockout (KO) cells, as indicated. (**c**) Quantitative analysis of unlabeled or labeled ethylmalonyl-CoA in L929 adipocytes upon treatment with d3-ethylmalonate. (**d**) Quantitative analysis of putative labeled ethyl-branched C14 : 0 (16 carbons in total) in L929 wild-type and ECHDC1 KO adipocytes. (**e**) Similar figure as d, for putative labeled ethyl-branched C16 : 0 (18 carbons in total). (**f**) Quantitative analysis of labeled straight chain C16 : 0 in L929 wild-type and ECHDC1 KO adipocytes. (**g**) Similar figure as **f**, for labeled straight chain C18 : 0. AU, arbitrary units, rel.conc. = concentration relative to total ion current.

Consistent with our *in vitro* observation that FA synthase is slowly using ethylmalonyl-CoA, we detected the formation of labeled putative ethyl-branched FAs when we fed the cells with d3-ethylmalonate. Knocking out of ECHDC1 strongly increased the accumulation of these metabolites, which have similar retention time as ethyl-branched FAs formed *in vitro* by FA synthase ([Figure 2h](#BCJ-476-2427F2){ref-type="fig"}). The only FAs that we found to be modified in this way contained 16 and 18 carbons ([Figure 7b](#BCJ-476-2427F7){ref-type="fig"} lower part, [7d,e](#BCJ-476-2427F7){ref-type="fig"}). Consistent with the expected labeling of butyryl-CoA in the presence of ECHDC1 and with its incorporation in FAs ([Figure 7a](#BCJ-476-2427F7){ref-type="fig"}), wild-type cells synthesized labeled straight chain FAs (coeluting with unlabeled straight chain FAs), while this was not the case for the ECHDC1-deficient cells ([Figure 7b,f,g](#BCJ-476-2427F7){ref-type="fig"})

Overall, we conclude that ECHDC1 KO cells can produce ethyl-branched FAs. Yet, the formation of these FAs is prevented in normal cells due to the action of ECHDC1 and due to the fact that ethylmalonyl-CoA is a poor substrate for the elongation steps by FA synthase.

Discussion {#s4}
==========

Fatty acid synthase can make methyl- and ethyl-branched fatty acids {#s4a}
-------------------------------------------------------------------

We confirmed that FA synthase is able to synthesize FAs with methyl-branches and that methylmalonyl-CoA is a poorer substrate than malonyl-CoA. Analysis of the reaction products revealed that FA synthase can introduce several methyl-branches and even generate polymethylated-FAs using only methylmalonyl-CoA for elongation in the absence of malonyl-CoA.

We also showed that FA synthase is able to use ethylmalonyl-CoA to form ethyl-branched FAs and that ethylmalonyl-CoA is a much poorer substrate than methylmalonyl-CoA. In the absence of standards, the quantitative analysis of the resulting ethyl-branched FAs was difficult. Furthermore, due to insufficient sensitivity of our GC--MS setup, we needed to analyze ethyl-branched FAs by LC--MS. Based on the known sequence of reactions in FA synthase, ethyl-branches should be attached to even-numbered carbon atoms. Yet, the softer ionization and fragmentation techniques used in LC--MS did not allow us to directly confirm this.

Overall, our analyses reveal that both methylmalonyl-CoA and ethylmalonyl-CoA can be used by FA synthase, albeit with reduced efficiency in comparison with malonyl-CoA. It is likely that some elongases are also able to use methyl- or ethylmalonyl-CoA instead of malonyl-CoA, as supported by the finding of more abundant 2-methyl-branched FAs in 3T3-L1 cells than in L929 cells. This suggests that cytoplasmic concentrations of (m)ethylmalonyl-CoA most likely determine to what extent branched FAs are being formed in cells. Due to its ability to decarboxylate (m)ethylmalonyl-CoA, ECHDC1 is expected to be a major determining factor for branched FA synthesis.

Methyl-branched fatty acids are present in normal cells but their formation is limited by ECHDC1 {#s4b}
------------------------------------------------------------------------------------------------

When we inactivated ECHDC1 in two adipocyte cell culture models, we observed up to 5-fold increases in methyl-branched FAs. Using synthetic standards and the analysis of the fragmentation pattern of two kinds of FA derivatives (Supplementary Fig. S6), we found that this increase concerned FAs that carried methyl-branches on any of the even-numbered carbons. This unequivocally establishes that ECHDC1 limits the formation of methyl-branched FAs in cells ([Figure 8](#BCJ-476-2427F8){ref-type="fig"}). Figure 8.ECHDC1 limits the synthesis of methyl-branched fatty acids and prevents the synthesis of ethyl-branched fatty acids in adipocytes.ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; ECHDC1, (m)ethylmalonyl-CoA decarboxylase; KO, knockout. The size of the arrows reflects the catalytic efficiency of the enzymes. Carbons in gray are not incorporated in fatty acids.

Remarkably, wild-type cells also had these branched FAs, but overexpression of ECHDC1 ([Figure 3d--h](#BCJ-476-2427F3){ref-type="fig"}, lower part) reduced these methyl-branched FAs to almost undetectable levels. This indicates that changes in ECHDC1 abundance or activity are likely to result in reciprocal changes of the abundance of methyl-branched FAs.

To avoid any misinterpretation of our results, we highlight that these methyl-branched FAs are fundamentally different from 'anteiso-' and 'iso-' forms of methyl-branched FAs, which carry methyl-groups on the penultimate and antepenultimate carbon atoms. These FAs have received quite recently considerable interest (Wallace et al. \[[@BCJ-476-2427C2]\]) and can be synthesized when FA synthase uses break-down products of branched-chain amino acids to start FA synthesis (see [Figure 3b](#BCJ-476-2427F3){ref-type="fig"}). To the best of our knowledge, very little is known about the physiological role of FAs containing methyl-groups on even-numbered carbons. Tuning of ECHDC1 expression or activity might allow us to modulate the abundance of these FAs and investigate their function.

Why do we need to limit the formation of methyl-branched fatty acids? {#s4c}
---------------------------------------------------------------------

From a metabolic standpoint, it is not clear why cells would need to limit the synthesis of methyl-branched FAs since mammalian cells have efficient metabolic pathways to metabolize methyl-branched FAs. Peroxisomal disorders with deficiencies in these pathways (peroxisomal alpha- or beta-oxidation) lead to severe neurological disease (Van Veldhoven \[[@BCJ-476-2427C17]\]; Wanders \[[@BCJ-476-2427C18]\]) due to the accumulation of nonmetabolizable methyl-branched FAs in tissues.

ECHDC1 deficiency *in vivo* should lead to an increase in methyl-branched FAs. Overall, our organism should be able to prevent excessive accumulation of these FAs, since their degradation is not expected to be changed. Yet, expression levels of enzymes involved in the degradation of methyl-branched FAs vary between tissues. Therefore, we cannot exclude that some tissues would be more efficient than others in limiting the accumulation of methyl-branched FAs.

Methyl-branched FAs seem to be integrated not only in triglycerides, but also in membrane lipids. This might be expected to alter membrane physiology. *In vitro* experiments document that methyl-branched FAs can reduce lipid bilayer thickness and membrane fluidity \[[@BCJ-476-2427C50]\] and the incorporation of methyl-branched FAs in membrane lipids has been reported to modulate processes that depend on membrane fluidity such as respiratory activity in bacteria \[[@BCJ-476-2427C6]\]. Thus, it is conceivable that modulation of methyl-branched FA levels might finetune similar processes in mammals.

Beyond the presence of the methyl-branches, membrane behavior might also be altered due to the changes in FA unsaturation. In our cell line models, we were unable to detect any methyl-branched FAs on even carbons with a double bond, suggesting interference with the desaturase activities. In some tissues, it might be physiologically relevant to synthesize FAs that are branched and strictly saturated. To conclude, regulation of ECHDC1 activity or expression might be a way to modulate the formation of cytosolic methylmalonyl-CoA and methyl-branched FAs.

The cytoplasmic and mitochondrial methylmalonyl-CoA pools are independent {#s4d}
-------------------------------------------------------------------------

Under standard culture conditions, our adipocyte models have access to limited amounts of vitamin B12 (Crown et al. \[[@BCJ-476-2427C46]\]; Green et al. \[[@BCJ-476-2427C47]\]; Wallace et al. \[[@BCJ-476-2427C2]\]). Remarkably, when we supplemented cells with this vitamin, total cellular methylmalonyl-CoA levels were 20-fold reduced. In contrast, synthesis of methyl-branched FAs was barely affected. This indicates that cytosolic methylmalonyl-CoA, which is used for the synthesis of methyl-branched FAs, originates from the carboxylation of propionyl-CoA by ACC (Waite and Wakil \[[@BCJ-476-2427C7]\]) rather than from the transfer of mitochondrial methylmalonyl-CoA to the cytosol.

The combination of ECHDC1 activity and the substrate specificity of fatty acid synthase completely avoid ethyl-branched fatty acid synthesis {#s4e}
--------------------------------------------------------------------------------------------------------------------------------------------

ECHDC1 KO cells show clearly detectable ethylmalonyl-CoA levels, whereas this metabolite is undetectable in wild-type cells. This indicates that ECHDC1 very efficiently prevents the accumulation of this metabolite. Our initial *in vitro* experiments had revealed that ethylmalonyl-CoA is a much poorer substrate for FA synthase than methylmalonyl-CoA. Thus, the formation of ethyl-branched FAs is first prevented by ECHDC1, which completely eliminates ethylmalonyl-CoA, and second, by the poor efficiency of FA synthase to use ethylmalonyl-CoA for chain elongation ([Figure 8](#BCJ-476-2427F8){ref-type="fig"}).

In contrast with methyl-branched FAs, some data indicate that mammals are unable to metabolize ethyl-branched FAs. For example, humans are unable to completely degrade 2-ethylhexanoic acid, a component of plasticizers, since its major metabolite found in urine is 2-ethyl-3-ketohexanoic acid \[[@BCJ-476-2427C51]\]. It is conceivable that the degradation of longer ethyl-branched FAs might lead to compounds that are not as easily excreted as 2-ethyl-3-ketohexanoic acid. This might lead to a diverse range of acute toxicity or progressive accumulation in intracellular deposits. Whether this ever becomes a clinically relevant problem is unknown and, until now, a deficiency in ECHDC1 has never been described in humans.

By metabolizing ethylmalonyl-CoA, a compound with no known function in vertebrates, ECHDC1 seems to play a typical metabolite repair role. Many metabolite repair enzymes have been described in recent years. They serve to destroy or recycle metabolites that are formed by enzyme side activities or through spontaneous reactions. Their importance is stressed by the rapidly growing number of enzymes playing this role and by the fact that a deficiency in several of them, such as L-2-hydroxyglutarate dehydrogenase \[[@BCJ-476-2427C52]\], NADHX epimerase \[[@BCJ-476-2427C53]\], NADHX dehydratase \[[@BCJ-476-2427C54]\], and G6PC3 \[[@BCJ-476-2427C39]\] leads to diseases in humans. ECHDC1 is the first such repair enzyme to be described in the context of lipid metabolism. Further research is needed to know if its deficiency leads to a human disease and if other repair enzymes are involved in lipid metabolism.
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